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Abstract 
It is well known that many electrochemical devices such as fuel cells, electrolyzers, batteries, etc. degrade under various 
operating conditions. Many devices are based on solid electrolytes. In many cases, degradation manifests as electrode 
delamination and/or cracking of the electrolyte. An apparently obvious conclusion often reached is that this must be due to 
weak interfaces and some approach to mechanical strengthening or toughening should alleviate the problem. It is the intent 
of this manuscript to show that such electrochemical degradation often occurs due to electrochemical-mechanical coupling 
effects which result in extremely large internal pressures. So large can be the pressures that no amount conventional 
strengthening or toughening can prevent degradation. In fact, even a perfect lattice can be disrupted by electrochemically 
induced pressure leading to failures. In order to prevent failures, it is necessary to fully understand the role of coupling and 
develop strategies of mitigating high pressure formation by optimizing ion and electron transporting properties of the 
membrane. This manuscript discusses a fundamental mechanism of electrochemical failure of solid oxide fuel cells, solid 
oxide electrolyzer cells, and oxygen separators based on oxygen ion conducting solid electrolytes. Experimental results on 
two types solid electrolyte cells are presented in support of the mechanism.  
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Dongxiao Zhang 
and Jens Nørkær Sørensen. 
Keywords: electrochemical devices, electrochemically induced pressure, stable crack growth, solid oxide fuel cells, solid oxide 
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CE  cell voltage 
E  nernst voltage 
AE  applied voltage 
T  temperature 
iR  ionic area specific resistance of the cell 
eR  electronic area specific resistance of the cell 
a
ir  anode area specific ionic charge transfer resistance 
a
er  anode area specific electron transfer resistance 
2-OI  oxygen ion current density 
eI  electronic current density 
e  electronic charge 
Bk  Boltzmann constant 
IK  mode I stress intensity factor 
IcK  fracture toughness (critical stress intensity factor) 
cV  volume of a penny-shaped crack of radius c under internal pressure 
Y  Young’s modulus of elasticity 
Q  Poisson’s ratio 
 
1. Introduction 
Many active electrochemical devices such as fuel cells, batteries, electrolyzers involve the transport of 
predominantly ionic species through membranes under generated and/or applied voltages. Examples 
include solid oxide fuel cells (SOFC), solid oxide electrolyzer cells (SOEC), proton exchange membrane 
fuel cells (PEMFC), li-ion batteries (LIB), etc. The transporting ion(s) depend upon the type of the device. 
In a typical SOFC or an SOEC, high temperature solid electrolyte used is usually an O2- conductor. In 
PEMFC, the membrane is a proton (H+) conductor. In LIB, the electrolyte is a Li+ conductor. During both 
charging and discharging, electrochemical (half-cell) reactions occur at the two electrodes. The sum of the 
two half-cell reactions gives a complete chemical reaction. For example, in a fuel cell the half-cell  
reactions may be: (1) 1
2
O2 + 2e’ o O2- and (2) O2- + H2 o H2O + 2e’ with the net reaction being H2 + 
1
2
O2 o H2O. In the SOEC in which the objective is to split H2O to form H2 and 
1
2
O2, the half-cell 
reactions are: (1) H2O +2e’ o H2 + O2- and (2) O2- o
1
2
O2 + 2e’ with the net reaction being H2O o H2 + 
1
2
O2. In many cases, the same cells are used for SOFC and SOEC. However, the rate of degradation has  
been observed to be much faster in the SOEC mode as compared to the SOFC mode [1, 2]. Specifically, it 
has been found that the oxygen electrode in SOEC (under which O2 evolves) often completely 
delaminates. The nature of delamination may at a first glance be interpreted that the interface must be 
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weak. However, recent theoretical analysis has shown that under electrolysis conditions, oxygen re-
distribution can occur within the electrolyte (for example in yttria-stabilized zirconia (YSZ)) which can 
locally create very high internal pressures in the electrolyte, just under the oxygen electrode [3]. Recent 
experimental work has in fact demonstrated the re-distribution of oxygen that occurs in YSZ electrolyte 
under the electrolysis mode [4]. The pressures can be so high that no amount of improvement in 
mechanical properties can prevent failures. This means the usual approach of attempting to increase the 
fracture mechanical properties would have no effect in preventing failures. The net result of the 
degradation process is a clean delamination along the oxygen electrode/electrolyte interface in SOEC, and 
along the anode/electrolyte interface in SOFC stacks. In this manuscript, we present results of some model 
experiments conducted to observe mechanical cracking of electrolyte and delamination of interfaces. This 
paper discusses the mechanism of pressure build-up and electrochemical failure of cells using fracture 
mechanical considerations. 
2. Experimental work and theoretical model 
2.1.  Experimental procedure 
Two types of samples (cells) were fabricated using ceramic processing methods involving the forming 
of powder compacts followed by high temperature sintering. One cell was a bi-layer structure made of a 
YSZ substrate containing some CeO2 with a 50 Pm YSZ layer on top of it [5]. A Pt probe was embedded 
at the interface. Two Pt electrodes were applied on the two surfaces of the cell which functioned as the 
working/counter electrodes. In testing, a DC voltage was applied across these two electrodes. The other 
cell was a SOFC with a thin YSZ electrolyte, Ni + YSZ anode-supported cell with a composite cathode. 
The electrolyte thickness was ~1030 Pm. In a couple of the cells, Pt electrodes were embedded within 
the electrolyte for the measurement of local electric potential under cell operating conditions. 
2.2.  Mechanism  of crack growth 
The mechanism of electrochemical cracking is described via the idealized schematic shown in Fig. 1. 
It shows a schematic of the lattice of an oxygen ion conductor such as YSZ. The schematic does not show 
the details of the crystal structure or the three types of ions in YSZ. An electrode such as platinum is 
applied on part of the surface of the YSZ sample. A Pt wire is embedded in the sample as shown in Fig.1a 
functions as the other electrode. At a sufficiently high temperature, a DC voltage is applied across the two 
Pt electrodes, with the positive terminal connected to the embedded wire. At the electrode exposed to air, 
the electrochemical half-cell reaction 1
2
O2 + 2e’ o O2- occurs. The O2- ions formed transport from the 
surface through the YSZ electrolyte to the embedded wire. A reverse half-cell reaction occurs at the 
embedded Pt electrode, namely, O2- o 1
2
O2 + 2e’. The released electrons transport in the external circuit 
completing the circuit. The O2 formed, however, cannot transport out of the YSZ thus locally increasing 
the oxygen pressure. This leads to the formation of a crack (or multiple cracks) which is (are) under an 
oxygen pressure, 
2Op  as shown in Fig. 1c. Consider a penny-shaped crack of radius c as shown in Fig.1c 
under an internal pressure 
2Op . Its volume is given by [6] 
2
2
3
O
16 1
3c
V p c
Y
Q 澠 澡 澤                      (1) 
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            (a)                                                              (b)                                                             (c) 
Fig. 1. (a) A Pt wire embedded in a YSZ electrolyte; (b) Application of a DC voltage (0.3 V) between the surface and the embedded 
wire (wire at positive voltage). The maximum pressure created is 41 GPa. (c) This pressure is ~40 GPa, enough to disrupt a perfect 
lattice and form a crack. As more oxygen is pumped in, stable crack growth continues to occur 
 
 
where Y  is the Young’s modulus of elasticity and Q is the Poisson’s ratio. The corresponding mode I 
stress intensity factor is given by [6] 
2O
I
2
.
ʌ
p c
K                                                                            (2) 
The number of moles of O2 in the crack, assuming the ideal gas law to be applicable, is given by 
2 2
2
2 3
O O
16(1 .
3
n p c
RTY
Q 澡                                                             (3) 
As more O2 is formed at the reaction site (anode), the stress intensity factor increases until it reaches the 
critical stress intensity factor (fracture toughness), Ic.K  At that condition, crack extension will occur. 
However, this crack growth is expected to occur instantaneously (pop-in), that is at fixed 
2O .n  Thus, at 
fixed 
2On  (at the instant crack begins to extend), the 2Op drops. The corresponding rate of change of 
stress intensity factor as a function of crack radius at fixed 
2On is given by 
2O4d 0.
d ʌ
I pK
c c
                                                             (4) 
That is, as soon as the crack grows, the stress intensity factor falls below the fracture toughness, and crack 
growth stops (the crack becomes subcritical). More O2 must be pumped into the crack before further 
crack extension can occur. This indicates that the crack growth is stable, and no catastrophic fracture is 
expected, unlike in an externally loaded sample. Also, in real electrochemical devices, such cracks can 
initiate at numerous places, wherever O2 can be deposited and the condition of criticality can be realized. 
As long as the cracks are isolated (that is sufficiently far apart that interactions between the stress fields of 
the cracks are small), the condition of criticality at any given crack is only determined by the net flow of 
O2 into it, and not governed by other cracks. By contrast, regardless of whether or not the cracks are 
interacting, when externally loaded (as in typical fracture mechanics problems), the largest (or the most 
severely stressed) crack or the one whose stress intensity factor is the largest (and reaches the fracture 
toughness) will grow. Under fixed grips conditions, as the crack which has become critical grows, the IK  
at its tip (circumference) tends to grow. This leads  to a drop in the load, and the IK ’s at the tips of the 
cracks that have not become critical decrease. This fundamental difference between the two cases in 
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loading; externally applied load vs. internally generated pressures by an electrochemical process, leads to 
very different fracture behaviors in the two cases. Figures 2 and 3 respectively show schematics of 
loading and failures under an externally applied load and under an electrochemically generated internal 
pressure. The main objective of this manuscript is to discuss failures under an electrochemically 
generated pressure. 
This crack will become
Critical at a given load
V
V
Applied stress
Applied stress  
Fig. 2. A schematic showing a body containing multiple penny-shaped, non-interacting (sufficiently far apart) cracks under an 
externally applied stress. The largest crack is expected to become critical at the lowest applied stress, and thus would lead to crack 
growth and fracture. Fracture occurs in a catastrophic manner  
 
 
Fig. 3. A schematic showing an electrolyte containing multiple penny-shaped, non-interacting cracks, through which predominantly 
ionic current (and small electronic current) is transporting. The net rate of deposition of oxygen at the interface is given by the 
difference in ionic currents to and away from the interface. In this case, all cracks may become critical at the same time. It is also 
possible that the smaller cracks may become critical before the larger ones, in contrast to the case with externally applied load. The 
crack growth occurs stably and is dictated by the net rate of oxygen flux arriving at the interface  
 
The required oxygen pressure to initiate fracture at a location within the electrolyte such as YSZ will 
depend upon the size of the initial defect. If we suppose that the lattice is locally perfect (which is never 
the case), then the required oxygen pressure to initiate fracture will be the theoretical cohesive strength of 
the material, which is typically 1/3 the Young’s modulus. For YSZ, the Young’s modulus is ~210 GPa.  
Thus, local cracking of a defect-free lattice will occur at a local 
2O ~p 70 GPa. For a test conducted in air, 
the oxygen partial pressure in air is 
2
air
O ~p 2.1
 u 104 Pa or 2.128 u 104 Pa. To achieve a local 
2O ~p  70 
GPa in the lattice, the minimum applied voltage (schematic in Fig. 1) must be at least  
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§ ·
¨ ¸ 
¨ ¸© ¹
       (5) 
where 
2O ~p 70 GPa. For a test conducted at 800
oC, the minimum applied voltage to cause cracking must 
be at least ~0.34 V. This calculation shows that one only needs to apply a rather modest voltage to 
generate very high local pressures which can disrupt the lattice and cause local fracture. Since local 
defects (e.g. cracks) are always present, local cracking can occur at even smaller applied voltages. The 
preceding analysis suggests two important features of electrochemical cracking relevant to 
electrochemical devices such as fuel cells, electrolyzers, batteries. (1) Very high pressures can be 
generated locally due to electrochemical pumping of neutral species (e.g. O2) corresponding to the 
electro-mobile species (e.g. O2-) within the electrolyte at modest voltages. This can easily lead to 
disruption of a perfect lattice and formation of cracks. No amount of mechanical toughening can avoid 
this. (2) Electrochemical cracking leads to stable cracking since more and more electro-mobile species 
must be transported to the site to maintain the condition of criticality.  
Figure 4 shows a cell schematic and the results of an experiment conducted to verify the mechanism 
proposed above. The sample geometry and testing procedure is somewhat different than the schematic 
given in Fig. 1 and is closer to the schematic given in Fig. 3. Instead of connecting a power supply across 
the surface electrode and the buried probe, the voltage is applied across two surface electrodes. The 
required electrolysis conditions are created by introducing a stepwise change in low level electronic 
conduction through a compositional step change. A bi-layer sample was fabricated such that the substrate 
was made of YSZ + 5% CeO2. The small amount of CeO2 added increases the electronic conductivity of 
YSZ. A thin layer (~50 Pm) of undoped YSZ was applied on the surface. A Pt probe was embedded at the 
interface. A glass bead was placed at the place where the probe exited the surface, which isolated the 
probe from the atmosphere. Two porous platinum electrodes were applied on the two surfaces of the bi-
layer sample. An additional sensing Pt probe was painted on the YSZ layer as shown. The sample was 
heated in a furnace at 800oC in air. Finally, a DC voltage of 1 V was applied across the two porous 
platinum electrodes.  
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Fig.4. (a) A schematic of the bi-layer cell; (b) A schematic of the bi-layer showing the mechanism of interface crack formation  
(i through v) and the experimentally measured voltage at the embedded Pt probe as a function of time. 
The following describes the mechanism of oxygen formation at the interface during electrochemical 
oxygen pumping. At the interface between the porous Pt electrode (cathode) and the YSZ layer, the half-
cell reaction is 1
2
O2 + 2e’oO2-. The O2- ions transport through the cell (through the YSZ layer and 
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through the YSZ + 5% CeO2 substrate). At the other porous Pt electrode (anode), the half-cell reaction is 
O2- o 1
2
O2 + 2e’. The 2e’ formed transport through the external circuit back to the cathode. Some low 
level electronic current also flows through the bi-layer cell. Now Kirchoff’s laws are applicable. This 
means the net electrical current (density) is uniform through the cell. This means 
2- 2-e eO O(YSZ)( ) (YSZ)( ) (Ce YSZ)( ) (Ce YSZ)( ),I t I t I t I t         (6) 
where 2-OI  is the oxygen ion current density, eI  is electronic current density, and t denotes time. The 
ionic and the electronic currents at a fixed applied voltage will in general be time-dependent. After a 
sufficiently long time, a steady is expected. In the steady state, we must have 
2- 2-O O(YSZ)( ) (Ce YSZ)( )I ss I ss       (7) 
and 
e e(YSZ)( ) (Ce YSZ)( ).I ss I ss         (8) 
However, in many cases the condition of criticality under which cracking occurs may develop well before 
the steady state is established. Thus, in general  
2- 2-O O(YSZ)( ) (Ce YSZ)( )I t I tz    and      e e(YSZ)( ) (Ce YSZ)( ).I t I tz     (9) 
Since the electronic conductivity of Ce-YSZ is higher than that of YSZ, we note that  
e e(YSZ)( ) (Ce YSZ)( )I t I t     and   2- 2-O O(YSZ)( ) (Ce YSZ)( ).I t I t!    (10) 
In what follows, we will make a simplifying assumption that over the duration of the test, the ionic and 
the electronic currents do not vary much as a function of time, and thus we will ignore the time 
dependence of the oxygen flux in the following approximate estimates. The rate of oxygen deposition per 
unit area at the interface is thus given by 
2- 2-
2
O O
O
(YSZ)( ) (Ce YSZ)( )
.
2
I t I t
j
F
 
            (11) 
As oxygen accumulates at the interface, cracks would initiate. In addition, the already present cracks will 
get filled up with O2, will pressurize, and when the stress intensity factor reaches the fracture toughness, 
the cracks will grow. This process can occur at multiple places along the interface. Now we consider the 
time required for any given crack to pressurize and become critical. We will assume that the net amount 
of oxygen arriving at a given penny-shaped crack of radius c  in unit time is given by 
2
2
O ʌj c . The crack 
volume for a given 
2Op is given by Eq. (1). Assuming the ideal gas law again, the number of moles of 
oxygen that must be pumped into the crack for it to become critical is given by 
2
2 2
cr 2Ic
O
4ʌ(1 ) .
3
Kn c
RT Y
Q         (12) 
Thus, the time required for the crack to become critical is given by 
2
22
cr 2 2
O Ic
cr 2
OO
4 (1 ) .
3ʌ
n Kt
YRTjj c
Q        (13) 
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Equation (13) shows that the time required for a crack to become critical is independent of size (in this 
simple model). This means crack initiation (or growth of existing cracks) can occur at multiple places 
simultaneously, and not dependent on crack size. Also, the smaller the 
2O ,j the longer is the time required 
for the condition of criticality to occur. This is based on the assumption that the net inflow of oxygen into 
a crack is given by 
2
2
O ʌ .j c However, it is easy to see that this is an over estimate. This is because the flux 
lines bypass the crack surface and are concentrated in a region close to the tip (singularity). This actually 
means that the smaller cracks may become critical before the larger ones do. This is quite the opposite of 
a body containing multiple cracks subjected to an external load. The above considerations suggest that we 
expect the crack growth to be stable, the rate of which depends upon the net current density as well as the 
net oxygen flux (determined by the differences in oxygen fluxes to and away from the interface, caused 
by differences in ionic and electronic conductivities). The analysis also shows (details not discussed here) 
that cracking should occur at the interface where abrupt changes in transport properties occurs. We thus 
expect clean cracking along the interfaces. This has indeed been observed [1, 2]. 
The preceding analysis assumed time-independent flux of oxygen to the interface. In reality, the flux is 
time-dependent. The time dependence of the flux involves a number parameters such as the ionic and 
electronic transport properties of the two layers, the relative thicknesses of the two layers, and the 
instantaneous volume of the crack. This dependence is rather complicated and is not discussed here. The 
general equation which takes into account the time dependence of the flux leads to an equation for the 
crack to become critical is then given by 
Ic
2
2
I I
cr
O0
8(1 ( )d ( ).
3 ( )
K
K t K tt
YRT j t
Q ³澡        (14) 
Equation (14) gives the time required to reach criticality. In what follows, we now discuss the results of 
an experiment conducted to investigate electrochemically induced fracture of solid electrolyte materials 
used in fuel cells, electrolyzers, oxygen separators [5].  
2.3. Results 
Figure 4 shows the measured voltage as a function of time between the surface Pt probe and the 
embedded Pt probe, which gives a measure of the local oxygen pressure at the embedded probe tip for the 
bi-layer cell test. Initially, the measured voltage was near zero, and decreased (became negative) to 
~0.03 V. The corresponding local 
2Op  is estimated as ~6
 u 103 Pa. This means initially some loss of 
local oxygen occurred (to a very modest extent). After about 50 minutes, there was a sharp increase in the 
measured voltage to ~0.22 V. The corresponding estimated local 
2Op is ~2.85 GPa. The very sharp 
increase in voltage suggests that the crack size initially (at the tip of the embedded probe) must be small. 
Thereafter the voltage decreases. The decrease in voltage signals the occurrence of crack growth 
suggesting that the condition of criticality reached at a local 
2Op of ~2.85 GPa. The corresponding defect 
size (crack radius), which likely grew (could reflect linking of multiple initially isolated cracks) is 
estimated to be about 40 Pm. The voltage steadily decreased, which indicates that stable crack extension 
was occurring (pressure in the crack decreases as the crack size increases). This process continues to 
occur until about a voltage of ~0.09 V is reached. The crack must have then become subcritical. With the 
continued application of the voltage (1 V) across the two porous Pt electrodes, the measured voltage 
between the Pt probes again begins to rise. This slow rise indicates slow pressurization of the now 
subcritical and a larger crack. It is the expectation that eventually, if the experiment had been conducted 
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for a long enough time, crack would again become critical, and crack growth would occur which would 
result in a decrease in voltage. The process of crack initiation and growth can occur at multiple locations.  
The preceding discussion shows that high pressures can be created internally in electrochemical 
devices. The preceding analysis is generally applicable to oxygen separation systems, electrolyzers and 
solid oxide fuel cells. In what follows, we now present results on similar failures in SOFC. In any 
practical application using fuel cells, a number of cells are connected in series to buildup sufficient 
voltage. This is true also of batteries, routinely used in many applications. Not all cells in either fuel cells 
or batteries are identical, even though one strives to make them as close to identical as possible. In many 
situations, one or more cells in a series-connected stack may exhibit a higher resistance than the rest of 
the cells. Under such conditions, the cell with a high resistance may operate with a reverse polarity. That 
is, the voltage across the high resistance cell may become negative, which means the voltage drops across 
the cell is greater than the Nernst voltage created by the cell. In such a case, failure of the cell may occur 
by the mechanism just described. In such a case, the abrupt change in cell transport properties occurs at 
the electrolyte/electrode interfaces. We then expect cracking or delamination to occur along the 
electrolyte/electrode interface. In SOFC, we expect this to occur along either the cathode/electrolyte or 
the anode/electrolyte interfaces. For most SOFC, with typical properties of state-of-the-art materials (e.g. 
YSZ), we expect delamination to occur along the electrolyte/anode interface. This type of degradation can 
occur in an SOFC stack but not in a single cell. It is possible to simulate this behavior, often observed in 
stacks, in a single cell test by externally imposing a reverse DC bias. The procedure used and the results 
obtained are described below. 
An anode-supported SOFC with thin (~10 Pm) YSZ electrolyte was loaded into a specially designed 
fixture. Silver wire mesh contacts were attached to the two electrodes. The cell was heated to 800oC. 
Hydrogen was circulated past the anode and air was circulated past the cathode. Current (and voltage) 
were varied over a wide range. An external voltage source was attached such that cell could be 
electrically driven. Theoretical analysis has shown that under such conditions, large oxygen partial 
pressure can build up in the YSZ electrolyte very close to the electrolyte/electrode interfaces [7]. The 
corresponding oxygen partial pressure for delamination along the electrolyte/anode interface is calculated 
to be [7] 
 
2 2
a a
i Ca II e C
O O
B i e
4exp ,
r E E r Eep p
k T R R
­ ½ª º° °  « »® ¾
« »° °¬ ¼¯ ¿
    (15) 
where 
2
a
Op  is the oxygen pressure in the electrolyte very close to the anode, 2
II
Op is the oxygen pressure 
in the anode, E  is the Nernst voltage, CE  is the cell voltage, iR  and eR  are respectively the ionic and 
the electronic area specific resistances of the cell, air  and 
a
er  are respectively the ionic and the electronic 
area specific charge transfer resistances at anode, e  is the electronic charge, Bk  is the Boltzmann 
constant, and T  is the temperature. Equation (15) shows that for certain (typical) values of parameters, 
the 
2
a
Op can be orders of magnitude higher than 2
II
Op  and in fact can lead to delamination at the  
anode/electrolyte interface. Figure 5 shows an SEM micrograph of a cell failed due to interface 
delamination. Note that the delamination occurred precisely along the YSZ electrolyte/anode interface, 
across which sharp change in transport properties occurs [5]. Also, the crack growth occurred in a stable 
manner in accord with the model described. The occurrence of stable crack growth along the interface is 
consistent with the mechanism described herein. 
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Fig. 5. An SEM micrograph showing delamination crack along the electrolyte anode interface 
3. Conclusions 
Many active (through which significant ionic current flows) electrochemical devices are subject 
electrochemically induced failures. In devices that are based on solid electrolytes, failures may involve 
delamination along electrolyte/electrode interfaces or cracking of the electrolyte. In this manuscript, a 
mechanism of degradation applicable to SOFC, SOEC and voltage driven oxygen separators was 
examined. The mechanism involves the generation of very high internal pressures due to the formation of 
neutral molecular oxygen under certain electrolytic conditions. The pressures generated at modest applied 
voltages can be so large that even a perfect lattice can be destroyed. Traditional approaches such as 
improving mechanical properties (e.g. strength and fracture toughness) are not effective in preventing 
failures. Transport properties determine the tendency for degradation. Electrochemical degradation of the 
type discussed here manifests as stable crack growth, unlike failures caused by externally applied loads. 
Experimental results are presented which support the electrochemical model of degradation discussed 
here. 
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